The relative concentrations of Polybrene (PB) and calf serum (CS) in retroviral supernatant have considerable effects on the efficiency of retrovirus-mediated gene transfer and the stability of retroviral vectors. The effect of PB on the efficiency of transduction of Moloney murine leukemia virus (MMuLV)-derived vectors is strongly dependent on CS. At a fixed CS concentration, the efficiency of transduction shows a maximum as a function of PB concentration. Increasing the CS concentration shifted this maximum to higher PB concentrations, but the value of the maximum remained the same. Therefore, there were optimal combinations of PB and CS concentrations that maximized the efficiency of gene transfer: 4.4, 8.8, 13.2, and 22 /tg/ml of PB for 1%, 2.5%, 5%, and 10% (vol/vol) CS, respectively. Moreover, the presence of PB affected significantly the kinetics of retroviral decay. The loss of retroviral activity did not follow simple exponential decay in the absence of PB during the decay period of the viral supernatant. The dynamics of viral inactivation showed an initial phase during which the transduction efficiency remained constant followed by exponential decay. However, in the presence of high PB concentrations (13.2 fig/ml) during the decay period of retroviral vectors, the initial delay was lost and the decay was exponential right from the outset. The present results suggest that in addition to virus-cell interactions that occur on the target cell surface, other physico-chemical processes may occur in solution that have a profound effect on retroviral activity and therefore they are of particular importance for gene therapy.
cay is unknown. The mechanism of human immunodeficiency viras (HIV) inactivation has been proposed to be tiie shedding of glycoproteins from the Upid envelope of vUal particles (Layne et al, 1992) . Therefore, HIV loses its abtiity to bind to cellular receptors and consquently its infectivity is diminished. The short half-Ufe of MMuLV-derived reti-ovural vectors has been shown to Umit the distance that they travel before decaying and, therefore, retard significantiy their abiUty to transfer genes successfully (Chuck and Palsson, 1996a) . Understanding the factors that determine retroviral half-lives is of great significance for improving the reproducibiUty and efficiency of retrovirus-mediated gene transfer.
Many physico-chemical factors are known to influence the StabiUty of retroviral vectors. The temperature at which retroviral vectors are produced has been reported to play a significant role in detennining their half-Uves because transduction is increased when the vectors are produced at 32°C as compared to 37°C (Kotani et al, 1994) . Also, the temperature diuing the period of exposure of target cells to the viras has been shown to influence infectivity for many families of viruses such as retrovirases (Andersen and Nexo, 1983) , herpes simplex (McClain and Fuller, 1994) , sendai and influenza virus (Haywood and Boyer, 1982; Haywood, 1991) , and baculovirus (Wickham et al, 1992) .
In vivo stadies have shown that retroviral vectors are inactivated by seram complement in an antiviral immune response (Hodgson, 1995) . Polybrene (PB) is a polycation that is essential for retroviral transduction. PB is believed to promote the binding of virases on the ceU surface by neutralizing the electrostatic repulsion between the opposing bilayers (Coiler, 1980; Coelen et al, 1983) . Infectivity has been shown to increase with increasing PB concentration (Toyoshima and Vogt, 1969; Patt and Houck, 1985; Aubin et al, 1994; Chuck, 1995) . However, at high concentrations and for long periods of exposure, toxic effects of PB on target ceUs have been observed (Toyoshima and Vogt, 1969) .
The effect of PB and calf serum (CS) on the efficiency of transduction and retroviral stabiUty was investigated in this stady. Because PB is a positively charged polyelectrolyte and CS has many negatively charged proteins, an electrostatic interaction between these two factors is expected. This expectation motivated us to ask if flie effect of PB on the efficiency of transduction depends on the levels of CS used during gene transfer. Furthermore, the direct effect of PB on the stabiUty of reti-ovUal particles was investigated. The question was, if the presence of PB in tiie viral supematant affects the stabiUty of retrovirases and tiie kinetic pattem of their decay, in addition to mediating viras-cell interactions during viral entry.
MATERIALS AND METHODS

Cell culture
Target NIH-3T3 fibroblast ceUs were seeded at 3,500 cells/cm^ in either six-well plates (Costar, Cambridge, MA) or 10-cm tissue culture dishes at least 24 hr prior to exposure to retrovu-al supematant. Cells were grown in Dulbecco's modified eagle's medium (DMEM) with 10% bovine calf semm supplement (GIBCO), unless otherwise specified, at 37°C and 5% CO2. The amphotropic retroviras packaging cell Une was kindly provided by Dr. J. Wilson, and was produced by transfecting the pMFG vector containing the LacZ gene under the MMuLV long terminal repeat (LTR) promoter, into '^'CRIP packaging cells (Danos and Mulligan, 1988) . The packaging cell Une was grown under the same conditions as the target cells.
Retrovirus supematant
Packaging cells were grown nearly to confluence in DMEM with 10% calf seram supplement. Fresh medium was added to the cells 24 hr before the viras supematant was harvested and filtered through 0.45-/im pore-sized filters (Gelman, Ann Arbor, MI). The filtered viral supematant was immediately aUquotted and stored at -80°C until use.
Transduction
Prior to exposure of ceUs to the viral supematant, PB was added at concentration between 4.4-22 /xg/ml (as indicated in each experiment) to promote viral entry into the target ceUs. The time of exposure of cells to the viras was 2 hr (unless otherwise indicated). After the viras was removed, cells were washed twice with HBSS to remove any unbound viras, and fresh medium was added to the cultiu-e. Cells were allowed to grow for 48-72 hr before the cultares were assayed for transduction efficiency.
Flow cytometry FDG/PI Staining: The product of the transferred LacZ gene reacts with d-/3-D-galactopyranoside conjugated with fiuoroisothiocyanate (FDG) to form a product readily detectable with flow cytometry. NIH-3T3 cells were prepared for flow cytometric analysis as follows. Each sample was washed twice with HBSS, and the cells were detached from the substrate with trypsin (0.3 ml) and resuspended in fresh medium. Then tiie cells were centrifuged for 10 min at 1,000 rpm, resuspended in 20 pl of medium, and placed in a water batii at 37°C for 5 nun. Immediately after, 70-100 pl of a hypotonic solution of 2 mM FDG was added to each tabe, and the tabes were placed in the water bath for 90 sec. Then the tabes were immediately placed on ice, and 500 pl of cold (4°C) phosphate-buffered saUne (PBS) witii 1% (wt/vol) bovine semm albumin (BSA) and 30 pg/ml of propidium iodide (PI) was added. Samples were left on ice and in the dark for at least 1 hr before fliey were filtered and processed for flow cytometry. Only viable ceUs (PI negative) were used to determine tiie fraction of transduced cells. Identification of Pr/FDG+ cells was based on two control samples: one stained with FDG but wifliout PI, and flie oflier stained wifli PI but without FDG.
Staining procedure for microscopic quantitation of LacZ''' cells
The efficiency of ti-ansduction of 3T3 cells when very low viral titers were used was quantitated by counting tiie number of transduced (blue) cells under a microscope. The transduced cells tum blue when ^-galactosidase (/3-Gal) (flie product of flie LacZ gene transferred to cells by tiie viras) reacts with 5-bromo-4-chloro-3-indolyl-|8-D-galactoside (X-Gal) (Sigma) to form a blue product. The staining procedure is as follows: Each well in a six-weU plate was washed twice wifli 2 ml of HBSS, and 1.5 ml of fixation solution was added for 5 min. Fixation solution consists of 2.1% (vol/vol) formaldehyde (Sigma) and 0.2% (vol/vol) glutaraldehyde (Sigma) in PBS. Following fixation, cells were washed twice wifli HBSS and staining solution was added. Staining solution was prepared as follows: immediately before staining, 50 pl of 20 mg/ml X-Gal powder dissolved in V,N-dimethylformamide (DMF, Sigma), was added in 950 pl (1/20 dilution) solution of 5 mM K3Fe(CN)6 (Sigma), 5 mM K4Fe(CN)6 • 3H2O and 2 mM MgClz (Sigma) in PBS. The samples were incubated for 3 days at 37°C to allow the blue color to develop in transduced cells, and the blue cells were counted. CeUs that were not exposed to the vector but stained with XGal served as a control.
For very low transduction efficiencies, on the order of 1-5% of transduced cells, the sensitivity of flow cytometry decreases, because small differences on the order of 1 or 2% are the same order of magnitade as sample-to-sample variation and cannot be considered significant. Therefore, when low retroviral concentrations were used, the gene transfer efficiency was determined by microscopic counting of LacZ"*" (stained blue) cells, whereas for high retiroviral concentrations flow cytometry was the method of choice.
RESULTS
The coupled effects of Polybrene and serum on the efficiency of retroviral transduction Seram is needed for ceU growfli and metaboUsm. It has been shown for many cell Unes, and in particular for fibroblasts FIG. 1. CoupUng of the effects of PB and CS on retrovirasmediated gene transfer. Vectors were propagated in 10% seram. To obtain a final concentration of 1% seram, we diluted the vector supematant one-tenth with seram-free media. To obtain vector supernatant in 10% seram we diluted one-tenth with medium that contained 10% seram. Therefore, the vector concenti-ation was one-tenth of tiie initial concenti-ation of the supematant harvested from the packaging cell Unes, whereas the seram concenfl-ations were different. Similarly, we obtained vector supematants with 5% and 2.5% seram by changing tiie relative amounts of seram free medium and medium with 10% CS in which tiie vector supematant was diluted one-tenth. Because tiie dilution ratio was tiie same, the vector concentiration was maintained the same for all samples in each experiment. At the end of tiie period of exposure of cells to tiie vector, the cells were washed with HBSS and medium witii 10% CS was added. Thus, the cells were exposed to medium with low seram concenti-ation only for the period of exposure to flie vector (2 hr). A. Number of tiransduced cells as a function of PB concenti-ation, for various CS concentrations. PB concenti-ation of unity corresponds to 4.4 /xg/ml. B. Number of ti-ansduced ceUs as a function CS concentration for various PB concenti-ations. Identical results were obtained from three replicate experiments. All samples were in dupUcate. The standard deviation is indicated by the size of tiie error bars. Transduction efficiencies were quantitated by microscopic counting of XGal-stained, blue ceUs. All of tfie blue cells in each well were counted. (Brooks 1976; Campisi et al, 1984; Larsson et al, 1985; Zetterberg and Larsson, 1985) that the seram content ofthe cultare medium affects cell growth. Retrovirases can only infect growing cells (Springett et al, 1989; Miller et al, 1990 ) and integration of viral DNA depends on mitosis (Roe et al, 1993; Lewis and Emerman, 1994) . The levels of CS in the cultare medium of the target cells were changed to alter their growth rate and to study its effect on the efficiency of transduction. CS was found to have no effect on the rate of cell growth at concenti-ations of 1%, 2.5%, 5%, and 10% (vol/vol) (data not shown). The CS concentration, however, affected the number of cells produced, presumably because at low CS concentrations seram-derived growtii factors were depleted, thus Umiting the maximum number of cells generated per cultare.
Unexpectedly, the CS content of the medium affected retroviral transduction (Fig. 1) . A series of experiments at different CS and PB concentrations revealed a strong coupUng in the effect of these two concentrations on the efficiency of retroviral gene transfer. Specifically, the transduction efficiency showed a maximum as a function of PB concentration at a fixed CS concentration. Changing tiie CS concentration shifted the location of this maximum but not its height. As the CS concentration increased the value of the maximum efficiency of transduction shifted to higher PB concentrations (Fig. IA) . Concentrations of PB higher than the optimal concentration resulted in decreased efficiencies of transduction. The same behavior was observed when the data were plotted as a function of CS content, for a fixed PB concentration (Fig. IB) . As the concentration of PB increased, the maximum efficiency of transduction shifted to higher CS concentrations. For very low PB concentrations (2.2 and 4.4 /xg/ml), the maximum was probably located at CS concentrations below 1%, and is therefore out of the range used. These data showed a strong coupling between the actions of CS and PB, because the effectiveness of one depended on the concentration of the other. A three-dimensional representation ofthe data shows this interaction more clearly (Fig. 2) . To investigate further the reasons for this coupling, experiments were performed to assess the direct effect of CS and PB on the stability of viral vectors.
Retroviral inactivation follows sigmoidal dynamics
The question that arose next was whether PB affects viral stability in solution in addition to mediating viras-cell interactions on the cell surface. A functional definition of stabiUty was used in this study, that is, the decrease in the observable efficiency of transduction as a function of the time that viruses spent in solution before they enter a cell. Therefore, stability may refer to stractural stability of the viral particle, or one of its components, or to some other mechanism that results in a decrease in the efficiency of transduction, as will be discussed below. In one, the virus was incubated with 13.2 /ag/ml PB during the decay period and the other with no PB. In the latter, PB was added to the viral supematant at a final concentration of 13.2 /xg/ml, just prior to exposure of cells to the vector. Therefore, exposure of target cells to the vectors always occurred in the presence of 13.2 /xg/ml PB. All samples were in duplicate. The standard deviation is indicated by the size of the error bars. Transduction efficiencies were quantitated by fluorescence-activated cell sorting (FACS) analysis.
To answer the above question, experiments were performed to determine retroviral stabiUty in the presence of 10% CS, witii or without PB present in the viral supematant during the decay period, before exposure of target cells to the vector. Viral supematant was aUquotted in various tabes. There were two tubes for each time point, one for each PB concentration used (zero and 13.2 /xg/ml of PB). Then the tabes were placed in die incubator at 37°C for various times (decay periods of the rettoviral vectors) when cells were exposed to the vector. PB was added to the tabes incubated without PB during the decay period, just prior to exposure of cells to the retroviras, to a final concentration of 13.2 pg/ml. Therefore, exposure of target cells to the vectors always occurred in the presence of 13.2 /xg/ml PB. At various times, 3T3 target cells were exposed to viral supematant for a period of 2 hr. After exposure to the viras, the cells were washed twice with HBSS, before fresh medium with 10% CS was added. The target cells were then allowed to grow for 48-72 hr before they were stained and analyzed for retroviral transduction by flow cytometry.
The presence of PB during tiie viral decay period caused (tiie time period to exposure of cells to the viral supematant) a decrease in the stability ofthe vectors (Fig. 3) . The data suggested a first-order viral decay wifli a halMife of 5.9 ± 0.4 hr (average of three experiments). In contrast, the stability of flie vkal vectors in the absence of PB during the decay period exhibited a behavior that is characteristic of a two-step inactivation process. For the first 4-5 hr, tiie transduction efficiency remained essentially constant, followed by an exponential decay with a half-life of 4.9 ± 1.6 hr (average of six experiments). Also, the viral activity in the presence of PB was lower at every time point than in the absence of PB diuing the decay period (Fig. 3) .
The same experiments were repeated for low viral titers (onetenth dilution of the harvested viral supematant), and two CS concentrations (1% and 10% CS) to make sure that the slow inactivation phase was not due to high viral concentrations.
When the viral concentration is low, the transduction efficiency increases as a function of the initial reti-oviral concentration. However, for high viral concentrations, it reaches a plateau (Chuck, 1995; Andreadis and Palsson, 1996) . Therefore, for very high viral titers, reduction of the number of viral particles due to viral decay would not result in decreased transduction efficiencies, until the number of retroviral particles was reduced to levels that corresponded to the Unear region of the curves. The results of the experiments with low viral titers, for 1 % and 10% (vol/vol) CS concentrations and no PB during the decay period, show an initial phase of slow inactivation of 4-5 hr, accompanied by a phase of exponential decay (Fig. 4) . Therefore, these data suggest that the sigmoidal behavior of the dynamics of retroviral inactivation was not a result of high titers, but rather the effect of the presence of PB in the viral supematant during the period of retroviral decay.
DISCUSSION
A major disadvantage of reti-oviral vectors as vehicles for gene deUvery is their instabiUty in solution and intracellularly (Kotani et al, 1994; Chuck, 1995; Hodgson, 1995; Andreadis and Palsson, 1996) . This stady presents results from experiments that examined the effects of PB and CS on the efficiency of retroviras-mediated gene transfer and retroviral stabiUty in the context of the functional definition of the term given above. CS and PB were found to affect the efficiency of transduction and the stabiUty of retroviral vectors, and that the effects of the two are strongly interrelated (Fig. 2) . In addition to mediating viras-cell interactions at the level of entry, the presence of PB in the viral supematant during the decay period was found to affect the dynamics of viral inactivation in solution away from the cell monolayer. CS and PB were found to influence the efficiency of fransduction of NIH-3T3 ceUs by rettoviral vectors in a coupled way. The efficiency of ttansduction plotted as a function of PB shows a maximum, that is, shifted toward higher PB concenttations as the level of CS in the medium of target cells increases (Fig. 1 A) . The same behavior is observed when the data are plotted as a function of CS concenttation (Fig. IB) . The sttong coupUng in the actions of the two becomes particularly clear when a threedimensional representation of the data is considered (Fig. 2) . Their coupled action may be explained by two possible mechanisms ( Fig. 5) : First, PB induced viras aggregation that also depends on CS concenttation and results in loss of rettoviral vectors in the form of viral aggregates. Viral aggregates may be less infectious than single viral particles. PB may act electtostatically to neuttaUze the negative charges of viral particles, thus increasing the rate of colUsions and aggregate formation. Therefore, the viral titer is effectively reduced and consequently the efficiency of ttansduction decreases. The second possible mechanism is the neuttaUzation of positively charged PB by negatively charged seram proteins, basically a tittation effect. The latter results in reduction of the effective PB concenttation and consequentiy reduction in the efficiency of rettoviral ttansduction.
The second finding of this stady is that the presence of PB during the decay period of refroviral vectors prior to exposure to the target ceUs changes the dynamic pattem of rettovkal decay. When no PB is added to the viral supematant with 10% CS during the decay period, the kinetics of rettoviral decay show a sigmoidal decrease, whereas in the presence of PB the decrease is exponential. The action of PB may be dual (Fig. 5) . PB increases transduction probably by neuttalizing the negative changes on the surfaces of the opposing refroviral and cellular btiayers (Toyoshima and Vogt, 1969; Lalezari, 1987; Coiler, 1980) , but it may also contribute to viras aggregation thus reducing the effective concenfration of refroviral vectors and leading to reduced fransduction efficiencies. On the other hand, PB tifration by seram proteins would reduce the effective concenfration of PB and, therefore, the presence of PB in refroviral supematant during the decay period would lead to a reduction in the transduction efficiency.
The present results regarding the sigmoidal pattem of rettovkal decay are in agreement with the pattem of decay reported for HTV-l (Layne et al, 1992) . The autiiors attributed this dynamic behavior to the requkement for a critical number of bonds between vkal particles and cells so that the two surfaces adhere. The critical number of bonds is a function of the sttength of the repulsive electtostatic potential between the surfaces and association constant of the reaction of vkal glycoproteins with the cell-surface receptors.
The proposed mechanism of Polybrene-induced viras aggregation is supported by previous stadies in different biological systems. PB has been shown to induce platelet aggregation and decrease thek electtophoretic mobiUty. More rapid agglutination occurred and larger aggregates were formed in the presence of normal plasma as compared to von Willebrand plasma (Coiler, 1980) . The presence of normal plasma and high concenttations of PB resulted in the development of much larger aggregates comparing to small-size aggregates in the absence of plasma (CoUer, 1980) . Also, seram proteins have been shown to affect die performance of manual hexaduneflirine bromide (Polybrene) test by destabiUzing antibody-dependent aggregation (Lalezari, 1987 (Hodgson, 1995) . Similarly, a component might also inactivate rettovkal vectors in vitro or inhibit vkal binding and entry by another unknown mechanism. Recentiy, chondroitin sulfate proteoglycan, a component of the medium conditioned by packaging cells, has been found to inhibit refrovkal activity in vitro (Ledoux et al, 1996) . Our results demonsttate tfiat physico-chemical factors play an important role in the efficiency of rettoviras-mediated gene ttansfer and the stabiUty of rettovkal vectors. Understanding some of tiie mechanisms involved in these phenomena may unravel new efficient and simple ways to increase the levels of retto-vkal ttansduction and estabUsh optunal conditions for rettovkal gene ttansfer. A limited number of stadies support tiiis statement (Kotani et al, 1994) and call for increasing attention to these factors. Although PB is thought to increase rettovkal ttansduction by mediating viras-ceU interactions that occur on the cell surface, the present stady suggests that oflier physico-chemical processes may occur in solution that affect tiie stabiUty of refroviral vectors and, therefore, they are of importance for gene therapy. Because aU clinical stadies use protamine instead of PB, similar stadies with protamine should also be conducted. Stadies with different polymeric electtolytes that increase ttansduction efficiencies could also provide insight into the mechanism of thek action, which may be more complex tiian neutralization of electtostatic interactions between particles of opposite charge.
In summary, tiie effect of PB and CS on refrovkal fransduction and stability of rettovkal vectors was investigated. We found diat PB and CS affect tiie efficiency of ttansduction in a coupled way. Optimal concenttations of PB and CS exist for which gene fransfer is maximized. Moreover, the presence of PB in tiie vkal supematant during refrovkal decay affects the kinetics of decay of refrovkal vectors. Two altemative mechanisms are proposed that may explain tiiese data. PB mduced viras aggregation, which reduces tiie effective concenfration of refrovkal particles. Altematively, neufraUzation of tiie positively charged PB by negatively charged CS components could decrease tiie effective concenfration of PB. The present data argue for the importance of processes fliat may occur in solution and affect flie stability of refrovkal particles, in addition to the processes that occur on tiie cell surface, during die steps of viral binding and entty into the target cells.
